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Introduction
Pyroligneous extract (PE), also called pyroligneous acid, liquid smoke, or wood vinegar, is a crude condensate produced from the distillation of smoke generated in wood carbonization.
the thermochemical breakdown or pyrolysis of plant biomass components, such as cellulose, hemicellulose, and lignin. 2, 3 PE finds application in diverse areas, acting as an antioxidant, antimicrobial, and anti-inflammatory agent. PE also acts as a source of valuable chemicals and imparts a smoky flavor and antimicrobial protection in food. 3 PE has been reported to possess extreme antifungal activity against several plant pathogenic fungi 4 and a termiticidal activity. 5 Several researchers have reported the antibacterial activity of PE against several pathogenic bacteria, including plant pathogens. 6 Recently, the medicinal use of PE has been studied intensively in the field of oriental medical science, where some natural resources have been used for investigating biological activities. 7 However, the antimicrobial potential of PE against human and animal pathogenic microorganisms has not been elucidated. Therefore, the present work is carried out to evaluate the antimicrobial potential of PE against human and animal pathogenic microorganisms and organize its present status. PE, a by-product of charcoal-making and often considered as waste, was selected because of its availability in Rio Grande do Sul, Brazil.
Systematic reviews are considered the gold standard for evidence and used to evaluate the benefits and harms of healthcare interventions. 8 Such reviews are much more likely to yield valid conclusions. 9 The levels of evidence of the studies are ranked according to the degree of confidence, which is related to the methodological quality. Thus, systematic review of the literature occupies the top of the pyramid, followed by randomized clinical trials, cohort studies, case-control, case series, case reports, and lastly, expert opinion and research in animals or in vitro. 10 This study aimed to search the various electronic databases for articles and online systems of patents and included assays of PE antimicrobial potential for humans and animals.
Material and methods
Eligibility criteria: The inclusion criteria comprised articles and patents that investigated the antimicrobial activity of PE against pathogenic microorganisms of humans and animals.
Information sources and search
This systematic review was conducted according to the guidelines of the Cochrane Handbook for Systematic Reviews of Interventions, 11 following the four-phase flow diagram of the Preferred Reporting Items for Systematic Reviews and MetaAnalyses (PRISMA) Statement. 12 This report is based on the PRISMA Statement. The following databases were screened: MedLine (PubMed), SciFinder, Web of Science, Scopus, Scielo, Google scholar, and ProQuest. For patents, the sources searched comprised the following: INPI, Google patents, Espacenet, Patents online, USPTO, and WIPO. Search strategy Pubmed #1 ("wood vinegar" OR "pyroligneous acid" OR "pyroligneous extract" OR "pyroligneous" OR "liquid smoke") AND #2 ("Anti-Infective Agents" [MESH] "Antimicrobial activity" OR "Antibacterial activity" OR "Antifungal activity" OR "Anti-Infective Agents" OR "Agents, Anti-Infective" OR "Anti Infective Agents" OR "Antiinfective Agents" OR "Agents, Antiinfective" OR "Microbicides" OR "Antimicrobial Agents" OR "Agents, Antimicrobial" OR "Anti-Microbial Agents" OR "Agents, Anti-Microbial" OR "Anti Microbial Agents")
Web of science #1 Topic: ("wood vinegar") OR Topic: ("pyroligneous acid") OR Topic: ("pyroligneous extract") OR Topic: ("pyroligneous") OR Topic: ("liquid smoke") AND #2 Topic: ("antimicrobial activity") OR Topic: ("Anti-Infective Agents") Scopus #1 ("wood vinegar") OR ("pyroligneous acid") OR ("pyroligneous extract") OR ("pyroligneous") AND #2 ("antimicrobial activity") OR ("Anti-Infective Agents") SciFinder #1 ("antimicrobial activity of Wood Vinegar") OR #2 ("antimicrobial activity of pyroligneous acid") OR #3 ("antimicrobial activity of pyroligneous extract") Scielo #1 ("wood vinegar") OR ("pyroligneous acid") OR ("pyroligneous extract") OR ("pyroligneous") OR ("liquid smoke") AND #2 ("antimicrobial activity") OR ("Anti-Infective Agents") 25 patents excluded after reading full text: promoter for natural environment for soil, fishes, and plants.
Fig. 1 -Flow chart.
The search strategy is described in Table 1 , and the focused question is as follows: What is the antimicrobial potential of PE against human and animal pathogenic microorganisms?
Study selection and data collection
Study characteristics, demographic information, enrollment criteria, microorganisms tested, antimicrobial assay types, duration, results, control and groups, and sample size (Tables 2 and 3) were extracted independently for two reviewers (J.L.S.S. and V.B.S.G.). Missing information was sought from authors and/or inventors. The full text papers and patents were assessed independently and in duplicate by the reviewers. Any disagreement on the eligibility of studies included was resolved through discussion and consensus, and in case of disagreement, a third reviewer (R.G.L.) decided whether the article should be included. All titles and abstracts of articles and patents initially found were analyzed and selected in accordance to the eligibility criteria. No restrictions were considered regarding the language and year of publication. The reference lists of studies included were hand-searched for additional articles. Full copies of all potentially relevant studies were identified. Studies that met the inclusion criteria or for which insufficient data were available in the title and abstract to make a decision were selected for full analysis. Authors of the studies were contacted in case of missing data (e.g., data provided in graphs); these studies were only included if the authors provided the missing information. Data extraction was conducted by consensus between the two researchers who conducted the collection.
Assessment of risk of bias
The risk of bias for all the included studies was assessed based on The Cochrane Collaboration's tool, 11 and the methodological quality was adapted from another systematic review of antimicrobial monomers used in dental materials. 13 The parameters used for the evaluation of methodology assays were discussed by the researchers involved, and judgment was carried out by group discussion. Assessment of risk of bias was conducted using Review Manager 5.3 software.
Results

Results of searches
After database screening [Pubmed (16) , Scopus (8), SciFinder (27) , Web of Science (9), Scielo (0), Google scholar (34) , and ProQuest (3)] and removal of duplicates, 89 studies were identified. After title and abstract screening, 29 studies remained, and this number was reduced to 14 after careful examination of the full texts. The last electronic search was conducted on December 4th, 2017. Fig. 1 shows a flowchart summarizing the selection process of articles and patents.
Of the 89 articles initially recovered from all databases, 75 articles were excluded because they were not related to the antimicrobial activity of PE and failed to satisfy the selection criteria. A total of 60 articles were excluded after reading the title and abstract, and 12 were excluded after screening the full text because they tested properties other than antimicrobial pathology for humans or animals. One study tested an intestinal protozoan parasite that causes diarrhea in both humans and domestic animals 14 ; one article used an agent accelerating the growth of plants and the development of roots. 15 PE has been studied as a repellent and insecticide against insect pests to crops, 5 as an antimicrobial agent for wood fungi, and as a weed control agent. 4, 6, [16] [17] [18] [19] Two studies used the PE as phenol source and tested the antibacterial activity of separate components. 20, 21 In addition, two articles were excluded as the researchers featured no access to full text versions, 22, 23 and one article was a review study. 24 In the patent databases, INPI (0), Google patents (0), Espacenet (7), patents on line (44), USPTO (11) , and WIPO (7), the search strategy initially retrieved 69 patents. After removal of duplicates, this number was reduced to 37. A total of 25 patents were excluded after reading the titles and abstracts ( Fig. 1 ) as they were not related to PE. Of the remaining 12 patents, 1 patent was excluded because it reported a promoter of environmental properties in soil, plants, and fish. 25 Twelve patents were included in the analysis. Table 2 describes the microorganisms tested, the source of PE, concentrations, methodologies used and the application area for each study from articles, and patents selected in the search. Table 3 shows the data of the patents included in this review.
Study characteristics
All articles were published between 1998 and 2014. Most studies showed different cellulose sources to burn and generate different types of PE for its test as an antimicrobial agent. Several sources were commercial extracts, 1,7,26-33 and others were experimental extracts. 19, 34, 35 One study tested microbial strains isolated from dogs and cats. 26 One article analyzed four strains of pathogenic Candida albicans, which were isolated from patients suffering from urinary tract infection (two strains), vaginitis, and onychomycosis (one each), 7 and one tested another C. albicans strain. 30 One study tested PE as an agent to prevent viral epidemics in agricultural and human environments. 27 Various studies reported PE as a food preservative. 28, 30, 31, 33, 36, 37 Only one in vivo study used Salmonella-infected Balb/c mouse model. 35 All in vitro studies reported the bacterial or antifungal activity of PE. The methods used for the tests included disk diffusion and minimum inhibitory concentration. The growth profile of the bacteria was examined via time-kill and viral inactivation assays. 27 Regarding patent documents, the data showed 11 patents deposited from 1981 to 2009. Antibacterial, antifungal, and preservative proprieties of PE were found in these patents, which claimed PE incorporation into additives for the treatment of animal feedstuffs, 38 fiber-reinforced cellulosic food casing, 39 compositions for food preservation, [40] [41] [42] carbon fiber, 43 cosmetic composition, 44 biodeodorizing agent, 45 antimicrobial compositions, 46 pharmaceutical composition for symptoms of atopic dermatitis, 47 and compositions for oral microbes. 48 
Discussion
From the literature reviewed, most researchers have reported promising results for PE as an antimicrobial agent. The most studied activity for PE was for food preservative, with seven articles [28] [29] [30] [31] [32] [33] and five patents presenting related results. 38 Table 2 shows all the strains tested in each study. PE was used as antimicrobial in food preservation and has demonstrated abilities to reduce or inhibit pathogenic and spoilage organisms. Comparing results of studies presented difficulty given their various differences. These studies used different methodologies for the antimicrobial activity and for preparation of PE. Some studies provided no information on the preparations. Most commercial extracts were tested for use as food preservative; one was for viral epidemics, two for antibacterial activity, and another for antifungal infections. Suñen et al. (1998) tested seven commercial preparations of PE used in food industry in Spain against L. monocytogenes and other pathogenic microorganisms. 30 In 2001, the same author tested four other commercial preparations of PE used in the Spanish food industry and evaluated their antimicrobial properties at low temperature against A. hydrophila, Y. enterocolitica, and L. monocytogenes. All four extracts effectively eliminated or suppressed the growth of A. hydrophila after 21 days. 31 Another study on food preservative examined the effects of selected PEs on the control of L. monocytogenes in frankfurters. Treatments with PE reduced and controlled L. monocytogenes growth in the most permissive franks for 10 weeks. 32 Milly et al. (2008) used PE fractions applied on ready-to-eat meat products to control the growth of inoculated L. innocua M1. 28 In 2012, Van Loo et al. investigated the antibacterial activity of eight commercial PE samples against S. enteritidis, S. aureus, and E. coli, demonstrating that the commercial smokes inhibited the growth of these foodborne pathogens. 36 Harada et al. (2013) determined the maximum inhibitory dilutions of bamboo PE against 104 E. coli, 112 Staphylococcus pseudintermedius, and 58 P. aeruginosa strains isolated from dogs and cats. The results indicated that bamboo pyroligneous acid exerts significantly inhibit the growth of representative bacterial pathogens from companion animals, although inhibition differed among species. 26 Bamboo PE-inactivated picornavirus and encephalomyocarditis virus showed that phenol is the sole germicidal component, and that acetic acid augmented the phenol inactivating activity. These findings suggest that bamboo PE is a potentially useful agent to prevent viral epidemics in agricultural and human environments. 27 Ibrahim et al. (2013) tested the PE, concentrated PE, and dichloromethane extracts of CPA, namely, DCM A and B, against four pathogenic strains of C. albicans. The results exhibited significant inhibition zones. The results also revealed that extract DCM B of CPA showed the most significant potential as an anti-candidal agent. 7 In 2014, the author concluded that Rhizophora apiculata PE may also be a broad antimicrobial agent against pathogenic bacteria. 49 Other authors investigated the effects of temperature on antimicrobial properties of two commercial PE fractions and PE derived from pecan shells, against two common foodborne pathogens, Listeria and Salmonella. Understanding how storage temperature affects the efficacy of antimicrobials is an important factor that can contribute to reducing high levels and costs of antimicrobials and ultimately improve food safety for consumers. 33 Three papers reported the development of new experimental PE. They tested different kinds of cellulose as feedstock: walnut tree branches, Eucommia ulmoides, olive branch, and rice hull. 
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at higher temperature feature stronger inhibition effects on bacteria. 19 PE of E. ulmoides olive branch was collected at different temperature ranges: 90 • C-200 • C, 200 • C-340 • C, and 340 • C-520 • C. The results showed that the maximum amount of the PE was collected at the range 200 • C-340 • C and also showed the most anti-pathogenic activities. After the preliminary analysis, phenols were considered the active components of bacteriostatic activity. 34 A previously characterized rice hull PE was tested for bactericidal activity against S. typhimurium using the diskdiffusion method. The in vivo antibacterial activity of rice hull smoke extract (1.0%, v/v) was also examined in a Salmonellainfected Balb/c mouse model. The combination of rice hull smoke extract and vancomycin acted synergistically against the pathogen. The beneficial results suggest that the rice hull PE possesses the potential to complement wood-derived smokes as antimicrobial flavor formulation for application in human foods and animal feeds. 35 Technology prospecting for PE as an antimicrobial agent: the patent search Studies on PE in patents were older than articles. In 1981, PEs incorporating selective additives were used as antifungal and antibacterial preservative agents for the treatment of animal feedstuffs. 38 In 1983, PE was used in a fibrous reinforced cellulosic food casing with PE to provide antimycotic quality in the casing without separating antimycotic agent. 39 In 1991, a PE derivative product was applied to wieners post-peeling and before packaging to inhibit L. monocytogenes reinoculation and extend the shelf life of the wieners without adversely affecting their taste and/or edibility. 41 In 2004 and 2008, other patents developed methods and compositions for antimicrobial treatment of food products. 40, 42 The antimicrobial property of PE was used for the development of carbon fiber by soaking carbon fibers in a heat treatment solution mainly comprising PE from wood or bamboo. 43 PE was also used as biodeodorizing agent composition containing a culture solution; the PE solution showed an excellent antimicrobial activity against putrefactive or pathogenic bacteria and a long-lasting deodorizing effect. 45 Two studies developed antimicrobial products for skin; a cosmetic composition containing a PE solution featuring an antimicrobial activity and antioxidant activity as a main component was obtained and considered suitable for skin protection. 44 A pharmaceutical composition for ameliorating symptoms of atopic dermatitis comprising refined PE was proven to avoid side effects, such as skin irritation and bad smell, by removing harmful materials and toxicity and improving antimicrobial activity. 47 One patent developed a silver-ionized PE to enhance antimicrobial activity of PE against pathogenic bacteria: E. coli, Salmonella sp., Bacillus sp., Staphylococcus sp., Vibrio sp., Aspergillus sp., Fusarium sp., Tricoderma sp., and Candida sp. 46 Another patent used PE against pathogenic microorganisms of oral cavity and provided compositions and methods to inhibit the growth of oral microbes and promote oral care. 48 The examination of PE as an antimicrobial agent, the broad spectrum of its properties, with and without enhancing additives, was evaluated against heat-resistant, spore-forming, aerobic bacilli, gram-negative bacillus associated with avian, and human enteritis. Various saprophytic molds (mycelial fungi) are associated with animal feeds, spoilage and, in several instances, human and animal mycotoxicoses. In each instance, our findings indicate that PE effectively and irreversibly reduces natural and/or experimental microbial contaminants associated to animal feedstuffs. 38 
Cellulosic sources of PE
The cellulose sources reported in the studies included in this systematic review comprised woods of hickory, mesquite, apple, pecan, moso bamboo (Phyllostachys pubescens), Rhizophora apiculata, walnut tree branches, and E. ulmoides olive. Branch and rice hull and five studies presented no information about these cellulose sources.
Future prospects for PE
Further in vivo studies are required for the development of new products using PE and the investigation of its possible use as an antimicrobial agent against resistant pathogenic microorganisms and development of pharmaceutical medicines. Many pathogenic microorganisms are tested for use as food preservative; this extract demonstrated a remarkable antimicrobial potential but was not identified in in vivo studies for humans or clinical assays.
Conclusion
In conclusion, the evidence suggests that PE features an antimicrobial activity against pathogenic microorganisms for humans and animals. Its use is prolonged and safe in food products. However, only one study was conducted on animals, and no clinical case was found.
